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AROYL PHOSPHATE S: 
THE MECHANISM OF ISOMERIZATION 
INTRODUCTION 
The transfer of energy and its conversion f rom one form 
to another are very important in biol ogical systems. 
Mammal s use energy to control their environment, i. e. 
keeping warm and physical activity, whereas bacteria use 
energy primaril y in chemical synthesis for their very 
existence as a life form depends upon rapid reproduction. 
There are two original sources of energy: l ight and 
oxygen, Oz . Photosynthesis and oxidative metabol ism convert 
these energy sources via photosynthetic phosphoryl ation and 
oxidative phosphorylation into ATP (Adenine Triphosphate) , 
which is in ef fect the molecular repository of energy. 
Thus, high energy phosphates(compounds which hydrolyze with 
a large negative free energy) are very important to 
biological systems. 
Acyl phosphates are mixed anhydrides of carboxylic 
acids and phosphoric acids. They are very important members 
of the group of high energy phosphate compounds found in 
biological system. They act as mediators in the transfer of 
2 
energy and. are important biol ogical acyl ating and 
., phosphoryl ating agents. A study of the chemistry of this 
group of compounds is important if we are to understand how 
cel l s  creat and use energy. 
A typical exampl e of a reaction of an acyl phosphate is 
outlined in scheme.1.1 








3�Phosphogl yceroyl phosphate 
phosphogl ycerats kinase 







In this reaction, 3-phosphogl yceroyl phosphate reacts with 
ADP (adenine diphosphate) catal yzed by Mg2+ and 3-
phosphogl yceroyl phosphate k inase to give ATP and 3-
phosphoglycerate. Al though the reaction begins with two 
phosphoryl groups, onl y one, the acyl phosphate reacts 
during the reaction, the acyl phosphate. Obviousl y acyl 
phosphates are a high energy mo iety, more reactive than a 
simpl e al kyl phosphate. The energy change f or th� s reaction 
is -4.5kj/mol which is f airl y high, and not unexpected for 
the reaction of a high energy compound. 
The general structure of an acyl phosphate is shown in 
Fig . l . 
Fig.l. 
0 0 OR' 




From the structure it is not obvious as to why an acyl 
phosphate is h ighl y reactive. It shoul d be pointed out that 
these is no rel ationship between reactivity, a kinetic 




Research on acyl phosphates was started in the early 
1900's. Progress was very slow and a study of mechanisms 
by which acyl phosphates react was only recently 
undertaken. 
In 1971, Klinman and Samuel reported the hydrolysis of 
acetyl phosphates2 . By isotope labeling experiments, they 
discovered that these compounds undergo both C -0 and P-0 
cleavage depending on the pH or the presence of a metal 
catalyst, Scheme.2. 
Scheme.2. 
0 0 OH 
II �/ 
CH3 C-0-P + ( 1 8 0) H3 Q+ 
"' 
o o o-
t t I 
OH 
C H3 C -0-P. + ( 1 8 0) Hz 0 
� 
o-
CH3 CO:z - + ( 1 8 0) Hz P04 -
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In their study, they carried out the hydrolysis(H21BQ> 
of acetyl phosphates in the presence of Mgz+ and Ca2• over 
the pH range 7. 4 to 8.2 . They proposed that the breakdown 
of a divalent metal ion complexed acetyl phosphate (AcPM) 
occurred by a dissociative . mechanism . They reported that 
the phosphate underwent P-0 cleavage at neutral pH in the 
presence of Mg2• and C-0 breakage under both acidic and 
basic condition with Ca2• catalysis. 
In 196 1 DiSabato and Jencks showed that the spontaneous 
nucleophilic reaction of an acetyl phosphate anion with n-
butylamine, ammonia, glycine or hydroxylamine transferred 
the acyl group from th� phosphate to the nucleophile.J 
They reported that the C-0 bond cleavage proceeded 
predominantly through an acid catalyzed pathway while P-0 
bond breakage occurred under neutral or basic conditions. 
Kluger and Wasserstein studied the chemistry of acetyl 
ethylene phosphate, and discovered that this compound was 
very reactive towards water.4 They proposed that a neutral 
acetyl phosphate was a more reactive acylating agent than 
an anionic acetyl phosphate. The reactions of acetyl 
phosphate at neutral pH with nucleophilic agents such as 
hydroxylamine, aniline, morpholine, N-methylimidazole, 
glycine or glycylglycine underwent C-0 bond cleavage, a 
cleavage which also proceeded under acidic condition. The 
reaction with either pyridine, 
6 
4-methylpyridine, or 
., triethylenediamine and probably trimethylam ine gave P-0 








In the presence 






the formation of 
fluorophosphate suggested that these reactions represent 
nucleophilic catalysis of phosphoryl transfer. 
Klinman and Samuel reported that the P-0 cleavage of 
acetyl phosphate dianion and monoanion was a unimolecular 
process which involved the formation of a very reactive 
intermediate, metaphosphate ion, Scheme. 4. 
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Scheme. 4 .  
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On this assumption they proposed that the metal complexed 
active intermediate AcPM (acyl phosphate metal complexed) 
has a cyclic structure, Fig. 2. 
• 2 • Fig 
In the case of c-o cleavage, a tetrahedral cyclic 
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In 1959 Kurz and Gutsches proposed 
8 
a quasi-six-
membered ring transition state for the glycinolysis of 
acetyl phosphate, Fig.3 . .  The nucleophilic character of the 
nitrogen is increased by transfer of a proton to a 
phosphate oxygen . 
Fig . 3. 
In 1986 Symes and Modoro proposed an additional 
9 
mechanism for the fragmentation of acyl phosphates.6 The 
., mechanism of the transfer of an acyl group from one 
nucleophilic center to another was proposed to proceed 
through a four member ring transition state, . Scheme. 6 .  
Scheme. 6. 
Recently, chemists have became interested in 
dissociative processes. Knowles's most recent paper gave an 
overview and some evidence that at least in certain cases a 
metaphospha te. ion can be an intermediate in solution, 
Scheme.7.7 
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In summary, most of the above proposed mechanisms 
involve dissociative processes. Even though they may be 
correct under certain reaction conditions, they are 
unlikely under biochemical conditions. They don't explain 
why acyl phosphates are so extremely reactive and how t hey 
can function both 
reagents. 
as acylating and phosphorylating 
11 
SYNTHES IS AND D ISCUSSION 
In order to solve the above problem , we studied the 
reaction of a model acyl phosphate with the hope of being 
able to propose reasonable reaction mechanisms for this 
type of compound. 
The first problem encountered when attempting to 
determine a mechanism is .in finding a suitable system 
which will be ideal for a mechanistic study. The most ideal 
system is one in which the configurations and thus the 
stereochemistry of the reactants and products can be 
easily determined. With such a system, upon substitution 
the stereospecificity of a reaction can be deterrnined.s 
The system employed made use of the 2-substituted-5-
chloromethyl-5-methyl- 2�oxo-1, 3 , 2-dioxaphosphorinans, which 
can exist in one of two possible geometrical 












The configuration of the reactants and products can eas1ly 
be determined by observing the proton NMR chemical shift 
values of the 5-methyl hydrogens9 • The initiall�,. 
substituted compound was the cis-2-chloro phosphorinan 
referred to as the cis chloridate. This compound was 
prepared by treating methyl bi cyclic phosph ite with 
sulfuryl chloride in an Arbuzov type reaction, Scheme.9 .. 
_,.., Clla 0 .............. 
Cllh CH10 P 
"'CHaO� . 
1 3  
Scheme. 9. 
IOe Cla CH 
:-t.CI 
� \:::::'-: 0 . Q_\ 
�P=O I 
Cl 
An Arbuzov reaction is typified by the reaction of a 
trialkyl phosphite with an alkyl halide to form a dialkyl 
phosphonatelo . In this case because of the nature of the 
bicyclic phosphite, 
obtained which 
configuration has the 
a single geometrical isomer is 
Ls the cis-chloridate . The cis 
axial 5-chlorometh yl group and the 
equatorial phosphoryl oxygen on the same side of the ring. 
In the case . of the trans the groups would be 
equatorial. Fig.5. 
HILTO�J M 6:-:112:� Ut;,'/,1)1 
South Dakota ('t.:. . .: Univcr:;ity 
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Fig . 5 .  
trans 
Only the cis isomer is formed which is a consequence of 
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Treatment of the cis-chloridate with certain nucleophilies 
" yields both cis and trans products, Scheme.ll. 
The six-mumbered rings are conformationally immobile 
with the result that the 5-methyl hydrogens have different 
chemical shifts as do those of the chloromethyl group. 
That geometrical isomers have conformational immobility is 
due to the large preference of the 
equatorial. Thus, the phosphoryl 
phosphoryl oxygen to be 
oxygen atom in both the 
cis and trans anhydrides is in an equatorial position.li 
Edmundson has shown that groups at the 5 position give NMR 
signals with different chemical shifts depending upon 
whether they are in an axial or equatorial position.12 The 
hydrogens of the axial chloromethyl group are shifted 
downfield from those of an equatorial chloromethyl group. 
The methyl hydrogens of an axial group are shifted 
downfield relative to those of an equatorial group.8 
The specific system used in this research was the 2-
benzoyloxy-5-chloromethyl-5-methyl- 2 -oxo-1,3, 2 -
dioxaphosphorinans with and without substitution in the 
para position of the benzene ring. Fig.6 . 
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Fig. 6 .  
Cis and trans isomers could be separated by simple 
fractional recrystalization from carbon tetrachloride. 
Proton NMR gave a clean spectrum, Fig .7. 
Fig.7. 
5.0 4-.o 3.0 2.0 t.o o.o ppm 
The EqJatorial 5-methyl hydrogens found in the spec· 8f 
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the cis isomer absorb around 1 .0 ppm, whereas the axial 5-
methyl hydrogens found in the trans isomer absorb around 
· 1 .a ppm. l3 From the spectrum , the ratio of cis to trans 
isomers after recrystalization was fo�nd to be 4 8:1. 
Although the cis isomer is nearly pure, it does not give a 
definite .melting point. The lack of a definite melting 
point was fou�d to be due to the isomerization of starting 
material upon heating. NMR analysis of a solution of the 
pure isomer during heating gave definite evidence that 
isomerization does take place upon heating, Fig . lO .  
Fig. lO. 
Upon heating a solid sample, the initial isomerization 





1 8  
Although formation of ·the latter has been previously 
reported, this is the first instance where isomerizat ion 
preceeding final product formation has been noted.This 
experiment provides evidence that there are at least tl.;o 
different reactions involved during the heating of the 
pure isomer. Questions arise as to Hhat is the proper 
mechanism for isomerization. According to work summarized 
in the historical section of this thesis, isomerization 
could be simply explained by invoking a dissociation 
process which could proceed by two different pathways, P-0 
bond cleavage, or c-o bond cleavage. 
Consider P-0 bond cleavage first. In this process the 
reaction could be described as in ·scheme.13. 
Scheme.13. 
. 0 �' 0 + • .  " �· 
====cHiC )P=o +- o c-Qt f'-3 0 
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Upon heating, forma tion of a phosphacylium and carboxvlLC 
ions would occur if the isomerization preceeds by this 
process. The . phosphacylium ion which has a planar 
structure, Scheme.13., could be attacked from either s ide 
of the plane by a carboxylic an ion to give a mixture o f  ci s 
and trans is omers. In this case , an elec tron withdrawin� 
group would stab il ize the negat ive charge on the carboxylic 
oxygen by resonance and induct ive effects thereby l owering 
the free energy of activation and making the reaction 
f avorable . Phosphacylium ion formation is not improbabl e 
for it is s imilar to metaphosphate ( PO 3 ) ( Scheme . 1 . ) which 
has been proposed as an intermediate in the solvol ysis of 
some highly reac tive phosphate ester.s The existence of 
both ions . i s  s till questionable. If the pho sphacylium ion 
is formed as an intermediate, it should be capable of 
being trapped as can o ther electrophilic intermediates of 
20 
this type. 
The second possible dissociative process is described 
by C-0 bond cleavage , Scheme.14. 
Scheme.14. 
CKzC' 
C H;}�':_'\. ..0 
O -, --- c. Hf� rO·) � -o-





The nega tive charge is no t localized on a simpl e oxygen 
a tom of the ·phosphate anion but is, due to resonance , 
delocalized over both oxygen a toms. Thus, ei ther oxygen 
atom could a t tack the acylium ion leading to isomerization . 
This dissociative process would yield an acylium cation 
and phospha te anion and should be favored by an electron 
dona ting R group, a group which w ould stabilize the 
positive charge on carbon by resonance. Als o acylium ion if 
21 
formed should be capable of being trapped, by an 
activated aromatic substrate. 
Besides the dissociative mechanism described above, an 
intramolecular rearrangement could also explain the 
isomerization. Scheme.15 . 
Scheme. 1 5. 
Phosphoryl oxygen could_ a ttack the carbonyl carbon to t' _ L·m 
a four membered ring in termediate . In the in termediate 
there are ·two equi valen t P-0-C bridges. I someriza tion 
could occur if e i ther of the 0-C bonds were broken. The 
in termedia te bears the pos i tive charge a t  phosphorus. The 
negative c harge is on carbonyl oxygen, and i ts format i on 
should be favored by an electron wi thdrawin g R' group. The 
cyclic intermediate is similar to the ��ell-known 
tetravalent phosphonium ion. Phosphorane cyclic systems are 
2 2  
well described . for five membered rings but have not been 
. , reported for four membered rings. 
In order to help in deciding which of the above 
mechanisms is correct, rate studies on .representative 
compounds were carried out ( Table. l-5)·. If the 
isomerizations are first order and reversible, they can be 
described by the foll owing rate equations .  
A Z ( 1) 
k-1 + k = 1/t*ln ( Xe/{Xe-X)) ( 2) 
k1*t = ( Xe/a)*ln ( Xe/ ( Xe-X)) ( 3) 
Xe is the concentration of A at equilibrium 
X is the concentration of A in reaction 
a is the initial concentration of A 
t is reaction time 
k-1 and kt are reaction rate constants of forward 
and reverse reactions . 
We carried out the isomerization of the model compounds in 
distilled benzene and CDCl3 at 65°C . Table . l .  
23 
Table .  I. Sample 12-63 (R : CH3) in CDCl3 at 600 C 
Time (hour) Peak height Ratio % lnXe I ( Xe X)* 102 
Trans Cis 
.00 . 00 46.00 .00 .oo 
5.39 3.00 46.00 6. 12 .28 
7 . 95 7.00 44.00 13.73 .79 
11.52 6.00 35.00 14.63 .88 
13.67 7 . 0 0  35 . 00 16.67 1.10 
18.48 7 . 50 3 5.00 17.65 1.22 
24.55 7 . 50 32.00 18.99 2.42 
3 7 . 05 9. 50 29.00 24.68 4 . 3 5  
45.02 10.00 30· . 00 25 . 00 I 
Plot lnXe; (Xe-X) vs time t gives a decen t s traigh t 
line. Obviously, the isomerization does follow a firs t 
order equilibrium reaction law. The kine tic parameter k, 
the reaction. ra te cons tant o f  the isomerization, can be 


























Due to solubility problems, only three compounds were used 
for this study. Isomerizations were carried out in benzene 
for with this solvent separate isomer and acid peaks could 
most easily be observed. In chloroform as solvent the 5-
methyl hydroge� signals of any acid impurity are hidden 
under those of the cis isomer. Rates are not absolute for 
the acid impurity (dialkyl phosphoric acid ) is difficult to 
completely remove and may act as a catalyst. It was 
particularly apparent ·in the case of the p-methoxy 
anhydride which is most reactive. Due to facile hydrolysis 
las t traces of acid are difficult to remove during the 
final purification of the starting material. The cJ and u+ 
constants are substituent constants used in the Hammett 
equation. 
The Hammett linear free energy equation was used to 
determine how the p-substituents affect isomerizations. The 
equation is 
26 
l o gkx /ka =p Cf 
where i s  the subst i tu ent c o n s t an t  wh i ch c a n  be found 
i n  any t ext on phys i c a l  o r gan i c  c hem i s t ry ,  and i s  t h e  
reac t i o n c o n s t ant obt a i ned by p l o t t i ng. l o g kX,ka vs 
Rh o i s  1 f o r  the standa rd r e a c t i o n , i on i z a t i on of 
subst i t uted ben z o i c  ac i d .  When t h e r e  i s  d i r e c t c onjuga t i on 
o f  t h e  ben z e n� r i n g  w i th an e l ectron po o r  c e n t e r  , another 
e quat i on , l o gkx/ka = p cJ • i s u s ed. If a p l ot o f  s i gma plus 
((f+} va l ue s  vs l ogkx/ka g i ve s  a stra i ght l i ne with a 
n e g a t i ve s l o pe, th e react i on i s  a i ded by e l e c t r o n  donating 
subs t i t u e n t s  and is indicative o f  the development of a 
pos it i v e charge at a reac t i ve center . In both cases kx is 
th e r a t e  c onstant of the reactant w i t h  a p a r a  substituent 
and kH is the r ate constant for the unsubstituented 
r e ac t ant . 





.00 -. ) 5 - .  J 0 
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Fig.13. Pl ot 6+ vs lnk 
-2.00 
-1.00 
.oo�----------------------------------------------.00 - .50 
Plots of log k vs sigma (Q) or 
give the bes t straight line with 
13 . The reaction parameter rho 




- 1. 00 
( (j+ ) values 
sigma plus values,Fig 1 2 ' 
is equal to -0.98. A 
a positive charge must 
develop at the reaction site in direct conjugation with the 
benzene ring. 
28 
From the· above e x pe r i menta l dat a , the proposed 
., mechan i sm 1, P-0 bond cleavage, and 3, i n t ramo l ecu l ar 
r e a r rang ement can be eliminated f o r  c ont r ary to these 
mechan i sms, e l ectron withdrawing g r o u ps . aid reaction in 
both cases. Th e oth e r  proposed mechanism, m e c h an i sm 2, 
which involves C-0 bond cleavage, 
predicts the development of a 
is t h e  on l y  one which 
positive ch a r g e  on a 
transition state leading to an intermediate . Thus, C-0 bond 
cl eavag e may be the mechanism which l eads to i so me r i z ation. 
In order to confirm that C-0 bond cleavage m i g ht be the 
correct mechanism, more evidence is needed . c-o bond 
cleavage by mechanism 2 1s a dissociative mechanism . If it 
is operative, the intermediate acy l i um i on should be 
capable of being tra pped . When the p-methoxy substituted 
model compound was heated in anisole, although 
isomerization proceeded, no aroylated anisol was detected 
as a final product . Thus, a dissociative process with C-0 
bond cleavage is highly unlikely . Alio, if the dissociative 
mechanism were correct, the entropy of activation for 
isomerization would be expected to increase which is 
contrary to experiment . 
The isomerization of a model compound at different 
temperatures was carried out under identical reaction 
conditions . Table . 3.and .4. 
29 
Tabl e .3. Samp l e  1 2-63 in D i s t i l l ed B e n z e n e  and Hea t i ng 
Temp. K 
333.0 0  
343.00 





1 /T* 1 03 
3 .0 0  
2.9 2  




-3. 1 2  
�H* -kj 
45. 1 �  
45.06 
44 . 9 8 
Tab l e.4 .  Samp l e  1 2-6 3 in CDCl3 and Hea t ing 
1 /T* 1 03 
2.9 8  
2.8 9  
2.73 
l nk 
- 3 .0 8 






.6.S* e u  




- 15. 1 5  
- 1 4.9 8 
- 15.5 1 
Only three temperatures were used due to solubility 
problems at lower temperatures. In the above tables, k is 
the rate constant which was obtained by using the first 
order opposing rate law, H* and S* are enthalpy and 
entropy of ·activation respectively obtained from the 
Arrhenius equation: 
lnk = constant -�a/RT ( 6) 
LlH* =Lilla - RT ( 7 ) 
dS* = R (lnk -lnk 't/h) + 6H*/T (8) 
k is the rate constant for isomerization 
R = Ga s c o n s t ant , 8 . 3 1 4 Kj/m o l 14 
T = r e ac t i on tempe r atu r e  
�Ea = e n e r gy o f  act i vat i o n 
AH* = e n t h a l p y  o f  ac t i va t i on 
usa = e n t r o p y  o f  activat i on 
k' = Bo l t z ma nn's constant, 1 . 3 8* 1 0-2lj/mo l*Kll 
h = pl anck's c o n s t ant , 6 . 6 2 6* 1 0  -34 jsll 
30 
The energ y  o f  act i vatio n i s  obta i n e d  by plotti ng l ogk v s  
1/T , F i g  1 5 , 1 6. 
F i g. 1 5 . Th e plo t o f  l nk vs 1 /T f or 
- 3. 00 
- 4. 00 
2.80· 
S amp l e  1 2-63 in Benzene 
2.90 
; 
1/T • 10 
3.00 
T�� plots give straight lines and the energ;:,� of activa- �t 
is obtained from the slope. By meaning of equation 7 and 8 
31 
�H· and �s• c a n  be c a l cu l a t ed. 
F i g . 1 6 .  The pl o t  o f  l nk vs 1 /T 





2.70 2.80 2.90 
The energy of activation for the isomerization of 
sample 1 2-63 (R' = p-methyl) in distilled benzene is 
68Kj/mol and the entropy of activation, .6 s• is -34.5 eu. 
The entropy of activation is temperature independent. In 
contrast to benzene, 
isomerization in CDClJ 
the· entr?PY of activation for 
is around - 1 5.00 eu and is also 
32 
t empe r a t u r e  i ndepende n t . The e n t ro py of act i va t i on fo r 
" i s ome r i z at i on i n  CDC1 3 i s , a s s ee n, much s ma l l e r  than in 
di s t i l l ed b e n z e n e . The l a r g e  n e ga t i ve va l u e s  i nd i cat e  that 
t h e  t ra n s i t i on s ta t e  i n t r oduce s mo r e  o rder than found in 
the r e ac t an t . T h e  diffe r ences b e twe e n  the e n t r opy of 
act i va t i on·fo r the same r e action i n  d i ffe r ent s o l ve n t s  is 
du e to t h e  fact t h a t  CDC la i s  a mor e  p o l a r s o l ve n t  than 
ben z ene wh i ch a l l ow u s  t o  concl ude tha t i on s  a r e  fo rmed i n  
the t ra n sit i o n s ta t e . A s  i on s  a r e  be i ng f o r med ben z ene du e 
to d i po l a r  i n t e rac t i on i s  becom i ng mor e  o r de r ed t han wo u l d  
t h e  m o r e  polar c h l o r ofo rm wh i c h  i n  t h e  abs e nce of i on s  i s  
t h e  mo r e  orde r ed s o l ven t . T h u s  d u r i ng t h e  r e ac t i o n t h e  
en t ropy o f  ac t i va t i on i n  d i s t i l l eq be n z en e  s h o u l d  be 
l a r g e r  t ha n  i n  CDC 13 . Th i s  expe r i me n t  g i ve s us add i t i o nal 
ev i de n c e  in orde r t o  e l i m i na t e  a po s s i bl e  dis s o ciat i v e 
mec h a n i s m. T h�s ,  C -0 bond c l eava g e  i s  n o t  a pos s i b i l i t y. 
Th e above e xpe r i me n t s  r u l e  ou t a l l of t h e  p r o po s ed 
me c h an i s m s .  W e  do , howev e r, ba s ed o n  ou r t h e rmodynamic 
pa rame t e r s  h ave e n o u g h  e v i de n c e  to propo s e  a p o s s i b l e  
m e c h an i s m fo r i some r i z a t i on . S i nc e  t h e  Hamm e t t  r e l a t i o n s h i p  
s hows t h a t  e l e c t ron donat i ng g r o u p s  a i d  t h e  r e ac t i on and 
th e rmodynam i c  data i nd i c a t e  t h a t  t h e r e  a r e  i on s  be i ng 
fo rmed as 
F i g. 16. 
i n t e rmed i at e s , we pr opo s e  a n ew mechan i s m ,  
-
In t h i s  mechan i s m, t h e  
F i g . 1 6 . 
-
--
c a rbo n y l  o xygen 
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attack s th e 
ph o s ph oru s a tom to give a fo u r  membe r e d  r i ng i nte rmediate . 
A p o s i t i ve c h a r g e  i s  fo rmed on the aroyl carbon and a s  
fo rmed e l e ctr o n  do nat i ng group s would be expected to aid 
the reaction, al s o  the mechani s m  accounts for the negative 
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s l o pe and ne g at i ve r h o  v a l u e  o bta i ned f r om th e Hammett 
p l ot . 
In th e s e c ond step , ph o s ph o r y l  oxy g e n· m i g ht attac k  th e 
pos i t i v e  a r o y l c a rbon to f o rm a t r i c yc l i c  1 nte rmedi ate as 
s h o wed i n  F i g . 1 6 . .  Any o f  th e th r e e  P-0-C b r i dg e s  c ou l d  
b r e ak to c om p l ete th e i s ome r i z at i o n . Th i s  p r o po s ed 
mec h an i sm c an furth e r  exp l a i n  th e l a r g e  ne g at i ve entropy o f  
act i vat i on fo r both the f i r st and s ec ond step i ntroduc e 
mo r e  o rde r w i th r e s pect t o  t h e  s t a rt i ng mate r i a l . A l s o , t h e  
f i r st s te p  wh i c h pr oduc e s  a c y c l i c  i nte rmedi ate w i th a 
p o s i t i ve c h a r g e  on ca rbony l c a r b on may be u s ed to exp la i n  
wh y und e r  
s u b s t i tut i on 
non- equ i l i br i um 
a l wa y s  o ccur s a t  
c ond i t i ons nuc l e o ph i l i c 
c a rb o n  wh i c h l eads to 
c l eavage o f  th e c a rbon oxyg en bond and not at ph o s ph o rus. 
T h e  o n l y d i f f i culty i s  th e s e c ond s t e p  wh i c h wou l d  
r e p r e s ent a h i gh l y  strained t r ans i t i on s tate and i s  not too 
p robab l e. No c omparabl e tr i c yc l i c c ompo unds are known. 
A mo r e  l o g i c a l  r oute i s  that a fte r 
anothe r  mo l ecul e o f  c i s  i s ome r i s  i nvo l ve d . 
th e f i r s t  s t e p  
Scheme . 1 4 . 
0 "@I Cit� 0 .,...o-c- o -R. � 'P . /'_a/ �o · 
CH . :3 
\ (bl 
Sc heme . 1 4 .  
, a 1 
'\-' 
I ,P 
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After the first step, another molecule o f  the s tarting 
compound is attacked b y  the cyclic intermediate . The 
second molecule of the cis isomer will undergo C-0 bond 
cleavage. Due to attack by the negative phosphoryl oxygen 
the newly formed monophosphate anion will have its negative 
charge spread out over both oxygen atoms due t o  O=P-0-
resonance . I f  the phosphate anion attacks the aroyl carbon, 
the reaction will under go route a, Fig 1 4. I f  it attacks the 
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phos phorus a t o m, t h e  r eact i on w i l l  und e r g o  r o u t e  b to f o rm 
pyr o ph o s ph a t e  and s ymme t r i c  anhyd r i de . Bo t h  r oute a and b 
a r e· i r r e v e r s i b l e . Route a 
d i s p e r s a l  o f  n e ga t i ve char g e  
can r e p e a t  wh i ch due t o  
o n  th e m o nb ph o s ph a t e  an i on 
even tua l l y  l eads t o  comp l e t e  i s ome r i z a t i on . I f  h e at i ng is 
con t i nu e d , - eve n t ua l l y  th e s l ow e r  i r r e v e r s i b l e  r o u t e  b w i l l  
l e ad t o  p y r o phos p h a t e  and s ymme t r i c  anhydride a s  t h e  fina l 
and on l y  p r oduct s. 
Th i s  p r o pos a l  is ve r y  r ea s onab l e  for the m e chanis m can 
exp l ain bo t h  kin e t i c  and t h e rmodyn am i c  r e s u l t s. It a l s o  can 
exp l a i n  wh y acyl phos ph a t e s  can funct i on both as acyl a t i ng 
and ph o s ph o r y l at i on r e a g e n t s .  
mechan i sm ,  t h e  r e action tak e s  
i s  n e ce s s a ry to de t e rmine 
According to the p r o pos ed 
p l ace by mu l tip l e  s t eps. It 
wh i ch s t e p  i s  t h e  r ate 
contro l l in g  s t e p , i . e .  the s l owe s t  s t e p. 
One i ndica tion a s  to which i s  t h e  s l owe s t  step is 
fur nis h e d  b y  r eact i o n of a c i s mix ed anh ydride w i th va rious 
ca rboxylic acids having dif f e r e n t  pKa s ,  Sch eme 1 5. 
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Sch eme . 1 5 .  The r eact i on o f  c i s i s ome r w i t h F3CCOOH 
Surprisingly, C F3COOH reacts instantaneously even 
though C F3COO - is a very weak nucleophile. It takes only a 
few minutes for the reaction to yield 100% dialkyl 
phosphoric acid and mixed carboxylic anhydride . 
S pe c t r a . 3 . The Reac t i on o f  1 2-63 w i t h  
Ace t i c  Ac i d  
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In the above spectra in which the weak acid, ace tic acid , 
was employed the first and the third peaks are cis and 
trans isomer peaks respec tively. The second peak , which is 
new, is the 5-methyl peak due to the acid produc t. As .seen 
from the 
Comparable 
spec tra there is almos t no 
reac tions were carried ou t, 
hav ing variable s trengths, Table 5. 
isomerization. 
wi th other acids 
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Tabl e . 5 .  Reac t i on s  of 1 2 -6 3  w i t h 
Carboxy l i c  Ac i d  
Ac i ds logKa k l o gk 
Cl 3 CCOOH - . 90 . 6 3 - . 20 
Cl zCHCOOH - 1 . 30 .5 5 - . 26 
BrC HzCOOH - 2 . 69 . 2 1  - . 6 8  
Cl CHzCOOH - 2 . 80 . 1 8  - . 7 5 
F3CCOOH s tr ong ac i d  I I 
Th e t a b l e s h ow s  t h a t  reac t i on ra t e s  of t h e  model c ompound 
w i t h  ac i ds i s  dependent upon t h e  ac i d i ty of t h e  acids b ut 
i nd e p en d e n t  of the nuc l eo ph i l i ty of th e c onju g a t e  ba s e  of 
t h e  ac i d . Th e-reac t i on ra t e s  are prop or t i onal to t h e  pKa 
of t h e  a c i ds .  Thus, th e f i rst ste p, c yc l i z a t i on t o  t h e  
cyc l i c  i nt e rm ed i ate , h a s  t o  b e  ra t e  c o ntr o l l i ng .  If th e 
s econd ste p we re rate c ontro l l i ng str ong nuc l e o ph l i e s, th e 
conjug ate ba s e  of weak ac i ds , wou l d  spe ed u p  th e r eact i o n 
and th e weak e r  ac i d s  wou l d  r eact fa s t e r  wh i c h i s  c o ntra r y  
to th e r esul ts of th e expe r i ment. T h e  r e a s on that th e rate 
of th e r e ac t i o ns i s  p r opo rt i ona l t o  th e pKa of ac i d s  can 
be e x p l a i n ed as due to th e p roto nat i on of phosph ory l oxyg en 
wh i c h wou l d  l ower th e ene r g y  of act i va t i on of th e s l ow� 
rate dete rm i n i ng f i r s t  ste p and s p e e d up th e r e ac t i on . 
Fig . 1 7 . i s  a p l ot of the ac i d�ty of the ac i ds vs th e 
r ate of r e act i on . 
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found that the re
action of the model com
pounds 
follows a genera
l acid catalysis 
law, the 
Brons ted catalys is 
law: 
R + HA 
R�+ + A-
s l ow 
f as t  
RH+ + A­
Pr odu c t + HA 
l o gkc a t= l og Ka + b 
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Th i s  equa t i on s h ows tha t the f re e  ene rg i e s  o f  ac t i va t i o n o f  
a c a ta l y t i c  s t ep f o r  a s e r i e s o f  ac i ds i s  p r o po r t i ona l t o  
.t h e  f r e e  e n e r g y  o f  d i s�oc i at i o n f o r  t h e  s am e  s er i e s  o f  
ac i ds . T h e  p r o po r t i onal i ty c o n s tant i s  a n  i nd i ca t i on o f  the 
s en s i t i v i ty of t h e  cata lyt i c  s t e p  t o  t h e  s t r u c t u r a l  c h ange 
of t h e  ac i d s r e l at i v e  t o  the e f f e c t  of the s ame s t r u c tura l  
c hang e s  o n  ac i d  d i s s oc i at i o n . 
Th i s  m e c h an i sm wh i ch i nvo l v e s  t h e  r ate de t e rm i n i ng 
fo rmat i o n o f  a c yc l i c  i n t e rmedi a t e  c at a l y z e d  by h yd r o g en 
i o n expl a i n s wh y a c y l  ph o s ph a t e s  a r e  c apable o f  r e ac t i ng 
w i t h v e r y  w e ak nuc l eoph i l e s  (have h i gh r ea c t i v i t y) and t h u s  
th e my s t e r y  o f  h i gh e n e r g y  ph o s pha t e s  h a s , a t  l eas t i n  
pa r t, be e n  r eve a l ed . T h e  f i r s t s t e p  c o u l d  be e nh a nc ed no t 
onl y by p r otons bu t a l s o per h aps by me t a l s  t o  wh i ch 
neg a t i ve oxyg en c o u l d  c omp l ex , (  i . e .  Mg2+ , Ca2+ e t c ) . Ou r 
r e s u l t s  e xp l a i n  w h y  c e l l me tabo l i s m v a r i e s  w i th pH and 
pe r h a p s  why m e t abol i c  r a t e s  va ry w i th c e r t a i n  meta l c a t i on 
c o nc entr a t i ons. 
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SUMMARY 
By m e an s  o f  nuc l e a r  mag n et i c  r e s onanc e (NMR) 
spectr o s c opy , we have stud i ed th e i s om e r i z at i o n  o f  th e 
mod e l s y stem , the m i xed a n h yd r i de o f  2- s ub s t i tuted-
S (c h l o r ometh y ) -5-meth yl-2- oxo - 1 ,3, 2 - d i o x aph o s ph o ran and p­
s ubst i tuted be n z o i c  ac i d . 
Th i s  study h a s  allowed u s  to dete rm i ne h ow ac y l  
ph o s ph ate s fun ct i on both a s  acy l at i n g  a n d  ph o s ph o r y l at i ng 
a g e nts and to p r opo s e  a r e a s o na b l e  m e c h a n i s m f o r  
ac y l at i on a n d  ph o s ph o r y l at i on by ac y l  ph o s p h ate s . The 
r e s u lt ma y be a pp l i cable to oth e r  h i g h  e n e rgy c ompo unds . 
Our me c h an i sm a c c o unts f o r  th e extr eme l y  h i gh r e a ct i v i ty o f  
th e ac yl pho sph ate s and th e i r  ab i l i ty t o  r eact w i th th e 
weake st o f  nuc l e oph i l i e s . 
We h a v e  a c c o unted f o r  th e lar g e  i nc r e a s e  i n  rate d f  
r e act i o n , b oth ac y l at i on and ph o s ph o r y l at i o n, w i th an 
i nc r e a s e  in ac i d i ty. 
F r o m  a Hammett p l ot o f  th e i s ome r i z at i on o f  th e mode l 
c ompo u nd s ,  we obta i n ed th e rmodynam i c  pa r amete r s  f or th e 
i s o me r i z at i o n . P l ots o f  l og k v s  s i gma o r  s i gma plu s va l u e s  
, g av e  th e b e s t  stra i ght l i ne w i th s i gma p l u s va l ue s  and a 
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n e g a t i ve parame t e r  (rho= -0 . 98 ) . Fur t h e r  c a l c u l a t i ons g ave 
the e n erg y of ac t i va t i on , Ea = A68 kj/mo l, a nd a nega t i ve 
e n tropy o f  ac t i va t i o n (AS*= - 1 5  e u  i n  b e n z e n e  and AS* = 
3 4 . 5 eu i n  c h l o r o f orm ) . The en t r opy o f  a c t i va t i on i s  
dependen t  upon s o l ve n t  but no t t empe r a tu r e . 
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EXPERIMENTAL 
P r o t o n  n ucle a r  Mag n e tic Re s o na n c e  (H-NMR) s p e c t ra w e r e  
obta i n ed o n  a Pe rk i n  E l m e r  R 1 2B s pe c t r oph o t ome t e r  a t  60 
MHz. T e t rame t h yl s i lane ( TMS) i n  d eu t e r ated c h l o r ofo rm was 
u s ed as an . i n t e rnal standa r d . C i s  and t r ans r a t i o s w e r e  
de t e rm i n ed by pe ak i nte g ra t i on o f  t h e  5 - me th yl hyd r o g e ns. 
All m e l t i ng p o i n t  are in d e g r e e s  c e n t i g r ade and a r e  
unc o r re c t e d . Va l u es w e r e  de t e rm i n ed o n  a T h o ma s  Ho ove r 
cap i l l a r y  me l t i ng po i n t appa r a t u s .  
P r epa rat i o n  o f  Methyl B i cyc l i c  ph ospi te 
A m i xtu r e  o f  60.0 g r ams (0.50 mo l e s) o f  1 , 1 , 1 -
t r i hydrox y  meth y l  e t h an e  and 62.0 g r am s  (0.50 mo l e s )  o f  
tr i me t h y l ph osph i t e i n  lOOmL t olue n e  was slowly d i st i lled 
f o r  24 h o u rs, o r  unt i l  me t h a n o l f o rma t i o n was c omple t ed . 
T h e  tempe r a t u r e  o f  the rea c t i o n m i x t u r e  n eve r c l i m b ed abo v e  
1 20 de g r e es c e nt i g r ade. Tolu e n e  was stri pped f r o m  th e 
produc t u nde r redu c ed pr essu re. T h e  wh i te c r ysta l l i ne 
p r oduc t was d i st i l led unde r 1 mm pr essu r e  and c oll ec ted 
o v e r  an i c e  bath . 
pr oduc t f u r t h er . 
It was n ot n e c essary t o  pu r i fy the 
Pr epa r atio n  o f  C i s-2-c hlo r o -5-c hlo r omethyl-5-me t hyl-2- o x o -
1,3,2-d i oxaph osph o r i n an, (c h l oridate) 
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W i t h  i c e - b a t h  c o o l i ng and s t i rr i n g , a s o l u t i on o f  
m e t h y l  b i c yc l i c  ph o s ph i t e i n  1 0 0 m l  o f  c ar b o n  t e t rach l o r i de 
wa s added d r o pw i s e  t o  a s o l u t i on o f  s u l f u r y l  c h l o r i de , 6 7 . 5  
g rams ( 0 . 5 0 mo l e s ) d i s s o l ved i n  1 00 mL o f  c a r bo n  
t e t r a c h l o ri de . A f t e r  t h e  e x o t h e rm i c  a dd i t i on t h e  s o l u t i on 
wa s s t i r re d  f o r  1 h o u r , t h e n  s t r i pp e d  unde r r educed 
pr e s s u r e . Th e l i qu i d  r e s i du e  c r y s t a l l i z ed on s tand i ng . 
C a rbon t e t r a c h l o r i de was u s ed t o  r e c r y s t a l l i z e t h e  p r oduc t . 
The c h l o r i da t e  was d r i ed and s t o red u s i ng a C a C l 2  d ry i n g 
tube . T h e  app r o x i ma t e  
wh i t e c ry s t a l  w i t h 
po i n t . 
y i e l d was 8 5 % . T h e  p rodu c t  i s  a 
69 - 7 1  deg r e e s  c e n t i g rade o f  me l t i n g 
P r epa r a t i o n o f  t h e  2- B en z oyl oxy P h o sph o r i n a n  
To a s o l u t i o n o f  4 . 0 g rams ( 0 . 02 m o l e s ) o f  c h l o r i da t e  
and 2 . 02 g rams_ ( 0 . 02 mo l e s ) o f  t r i e t h y l am i ne i n  50 m l  o f  
ac e t o n i t r i l e w a s  added a s o l u t i o n o f  2 . 8 g r am s  ( 0 . 02 mo l es ) 
o f  b en z o y l  c h l o r i de i n  10 ml o f  a c e t on i t r i l e w i t h s t i r r i ng 
a t  5 - 1 0 de g r e e s  c e n t i g rade . S t i r r i ng w a s  c on t i nu ed f o r  1 
h o u r  a f t e r  add i t i on .  The s o l u t i on was a l l owed t o  s t and 
ove r n i g h t  at r o o m  t empe r a t u r e . The r e ac t i o n m i x tu r e  wa s 
s uc t i o n f i l t e r e d  and t h e  f i l t ra t e  s t r i pped u n d e r  reduced 
p r e s s u r e . T h e  v i s c o u s  s e m i - s o l i d  r e s i du e  wa s taken up i n  
ex c e s s  wa t e r  and t h e  m i x tu r e  a l l owed t o  s t and o ve r - n i g h t . 
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Du r i ng t h e  s tand i ng t i me t h e  s em i - s o l i d  r e s i du e  b e c ame 
" c rys t a l l i ne . · T h e  m i x tu r e  wa s s uc t i o n f i l t e r e d  and t h e  
c r ys t a l l i n e p r oduc t dr i ed . NMR (CDCL 3 )  ana l y s i s  s h owed a 
t h r e e  t o  o n e  r a t i o  o f  g e ome t r i ca l  i s o m e r s ·. Th e p r oduc t was 
r e c r y s t a l l i z ed f r om a l a r g e  amoun t o f  c arbo n  t e t r a c h l o r i d e  
t o  g i v e  t h e  n ea r l y  pu r e  c i s  i s ome r . Th e m e l t i n g  po i n t , 
ar o un d  1 1 0 de g r e e s  c en t i g r ade , wa s no t p e rc i se . Th i s  i s  
samp l e 1 2 - 6 2 . 
Th e P r epa ra t i on o f  t h e  2 -p- t o l uoyl oxy P h o sph o r i nan . 
T o  a s o l u t i o n o f  4 . 0 g r ams ( 0 . 0 2 mo l e s ) o f  c i s ­
ch l o r i da t e  and 2 . 0 2  g rams ( 0 . 0 2 mo l e s ) o f  t r i e th y l am i n e i n  
1 0 0 m l  o f  ac e t on i t r i l e  was add ed a 3 . 0 8  g r am s  ( 0 . 0 2 mo l e s ) 
o f  p - me t h y l  b e n z o yl c h l o r i de w i t h s t i r r i ng a t  5 t o  1 0  
de g re e s  c e n t i g r ade . A p r ec i p i t a t e  app e a r ed i mm ed i a t e l y . The 
m i x tu r e  was s t i r r ed over n i g h t  a t  room t empe r a t u r e , g r av i t y 
f i l t e r e d  and t h e  p r ec i p i t a t e  w a s h e d  we l l  w i t h ac e t on i t r i l e . 
T h e  a c e t o n i t r i l e  f i l t r a t e  was s t r i pp e d  u nd e r reduced 
p r e s s u r e  to g i ve a c rys t a l l i ne s o l i d . Th e p r oduc t wa s 
r e c r y s t a l l i z e d  f r om a l a r g e  amo u n t  o f  c a r b o n  t e t rach l o r i de 
g a v e  a wh i t e c r ys t a l l i ne p r oduc t w i t h  a r a t i o  o f  c i s  and 
t ra n s  i s ome r s  at 5 . 7 to 1 .  Th i s  i s  s amp l e  1 2 - 6 3 . 
T h e  P r epa r a t i o n o f  t h e  2 -p- me t h o xybe n z oyl o x y  P h o sph o r i nan . 
To a s o l u t i o n o f  4 . 0  g r ams ( 0 . 0 2 m o l e s ) o f  c h l o r i da te 
and 2 . 0 2 g r ams ( 0 . 0 2 mo l e s ) of t r i e t h yl am i n e in 1 0 0  ml o f  
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c h l or i de i n  1 0  m l  of ac e ton i t r i l e . A pre c i p i t a t e  appeared 
upon m i x i ng .  The m i x ture was a l l owed to st i r  ove rn i gh t  a t  
room t emp e ratur e, grav i t y  f i l t er ed a n d  s o l ve n t  removed 
unde r r e duced p r e s sure . The r e s i due was t aken up i n  e xc e s s  
wat e r  and t h e  m i x tur e a l l owed to s tand urit i l  t h e  r e s i due 
b ec ame c rys t a l l i n e . The m i x t u r e  was s uc t i on f i l t e red and 
t h e  p r e c i p i tate was h ed we l l  w i t h  wat e r . T h e  prec i pi t a t e  
was dr i ed unde r r educ ed pre s sur e, and r e c r y s t al l i z ed f rom 
carbon te t rac h l or i de . NMR ( CDC L 3 ) s howed t h e  r a t i o  of the 
two i some r s  to b e  t h r e e  . to one, y i e l d  5 9 . 7 % .  Produc t can 
be r e c r ys ta l l i z ed from c h loroform but the y i e ld i s  fa i r l y  
l ow due t o  t h e  h igh r e ac t i v i t y  and c on s eque n t l y  rap i d  
h ydro l ys i s . 
Is ome r i z a t i on of t h e  Phosphor i nans i n  NMR sol vent : 
Ben z e n e  and c h l oroform s o l ut i on s  o f  s ub s t i t u t ed 
phos pho r i nans we r e  h eated at con s t a n t  t em p e r a t u r e s .  Hea t i ng 
was conduc t ed i n  s e a l ed NMR tub e s  i n  an o i l bath . O i l ba th 
tempe r a t u r e  we r e  con t rol l ed b y  a T h e rm - o - W a t c h. Th e 
tempe r a t u r e s  s e l ec ted we r e  6 0 ° C ,  7 0 ° C ,  s o o c and g oo c 
r e s pe c t i ve l y  for each s ampl e .  NMR s pe ctra we r e  taken eve ry 
hou r  u n t i l  there we r e  no c hanges in t h e  c i s / t rans i some r  
ra t i o . NMR s pe c t ra showed i some r i z a t i on o f  the 
phos phor i na n s  to t ake p l ac e  unde r the above r e ac t i on 
cond i t i on s . I s ome r i z a t i on r a t e s  we r e  f o l l owed by mea s u r i ng 
t h e  change s o f  peak he i gh t s  w i th t im e . T h e  s pe c t ra are 
4 8  
r e c o rded j n  t h e  Append i x . 
Th e R e ac t i on o f  · 2 -p- T o l uoyl oxy Pho sph o r i nan w i th 
ca rboxyl i c  Ac i ds i n  D i s t i l l ed B e n z ene ; 
To s epara t e  s o l u t i ons o f  2 - p - t o l uo yl o x y  ph o s ph o r i nan 
in di s t i l l ed ben z en e  was added a mo l ar e qu i va l ent o f  
t r i f l o roac e t i c  ac i d , t r i c h l o r o ac e t i c  ac i d , d i ch l o ro ac e t i c  
ac i d , ch l o r o ac e t i c  ac i d  and b romoac e t i c  ac i d  i n  d i s t i l l ed 
b e n z ene . NMR s pe c t r a  o f  t h e  s o l u t i on s  w e r e  tak e n  
immed i a t e l y  a f t e r  t h e  · two s o l u t i on s  we r e  m i xed and a t  
i n t e rval s o f  1 5  m i nu t e s  a l l a t  r o o m  t empe r a t u r e . 
E qu i l i b r i um wa s r eached at that po i n t  wh e n  n o  f u r t h e r  
c h ange s i n  peak h e i gh t s  are obs e rved . NMR s p e c t r a s howed 
t h e  g rowth o f  a new 5 -me t h y l  p e ak b e s i de s  t ho s e  
at t r i bu t ed t o  t rans and c i s  i s ome r s . Th e new peak i s  due t o  
ph o s ph o r i c ac i d  f o rmat i o n f o r  i t  c o i nc i d e s  w i t h  t h a t  o f  an 
au t h e n t i c  s amp l e .  As i nd i c t ed by NMR s pe c t r a tak e n· at 
i n t e rva l s ,  i s ome r i z a t i o n do e s  no t o c c u r  pr i o r to o r  dur i ng 
c l eavage b y  t h e  c a rbox yl i c  ac i ds . 
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T a b l e . l . S am p l e  1 2 - 6 3 i n b e n z e n e a t  6 0 ° C 
T i me ( h o u r ) P e a k  h e i � h t  Ra t i o  % l n X e / ( X e - X l * l U + Z 
T r a n s  C i s  
. 0 0 . o o 4 6 . 0 0 . 0 0 . 0 0 
5 . 3 9 3 . 0 0 4 6 . 0 0 6 .  1 2  . 2 8 
7 . � 5 7 . 0 0  -1 4 . 0 0  1 3 . 7 3 . 7 9 
1 1  . 5 2  6 . 0 0 3 5 . 0 0 1 4 . 6 3 . 8 8 
1 3 . 6 7 7 . 0 0 3 5 . 0 0 1 6 . 6 7 1 . 1 0 
1 8 . 4 8 7 . 5 0 . 3 5 . 0 0 1 7 . 6 5 1 . 2 � 
2 4 . 5 5 7 . 5 0 3 2 . 0 0 1 M . � � 1 . 4 � 
3 7 . 0 5 9 . 5 0 2 � . 0 0 2 4 . 6 � 4 • �i b 
4 5 . 0 2  · 1 0 . 0 0 3 0 . 0 0 2 5 . 0 0 I 
Ta b l e . 2 .  S am p l e 1 2 - 6 3 i n  U e n z e n e  a t  7 u o c  
T i me ( h o u r ) P e a k  h e i _g h t 
T r a n s  C i s 
. 0 0 . 0 0 3 � . o u 
2 . 5 0 2 . 0 0 3 2 . 0 0 
6 .  1 0  3 . 0 0 2 6 . 0 0 
� . 7 8 3 . 0 0 3 1 . 0 0  
1 � . 9 H 7 . 0 0 3 1 . 0 0 
2 2 . 6 3 1 1 . 0 0 2 5 . 0 0 
3 3 . 9 0 1 1 . 5 0 3 1 . 0 0 
4 2 . 0 8 1 5 . 0 0  2 4 . 0 0 
R a t i o  % 
. 0 0 
5 . 8 H 
:J . l O 
1 0 . 3 0 
l 8 • -1 ( }  
2 6 . 2 0 
3 1 . 5 0 
:3 2 . 6 0 
l n X e / ( X e � X ) * l O Z  
. 0 0 
• 1 �4 
3 ' • . �
• 3 I 
. H O 
1 • 5 4  
2 . 9 0 
3 . 8 2 
7 0  
Tabl e . 3 .  Samp l e  1 2 - 6 3 i n  b e n z e n e  a t  8 0 0 C 
T i me ( h o u r ) Peak H e i p: h t  Ra t i o% l n X e / ( X e - X > * l 0 2 
T ra n s C i s  
. 0 0 . 0 0 3 9 . 0 0 . 0 0 . 0 0 
1 . 1 8 3 . 0 0 3 9 . 0 0 7 . 1 0 . 2 0 
1 . 8 0 3 . 5 0 3 5 . 0 0 � .  1 0  . 2 6 
2 . 4 8 4 . 5 0 3 5 . 0 0 1 1 . 4 0 . 3 -l 
4 . 4 0 7 . 5 0 4 0 . 5 0 1 5 . 6 0 . 4 9 
4 . 9 0 7 . 5 0 3 6 . 0 0 1 7 . � 4 . 5 6 
5 . 3 7 8 . 0 0 3 6 . 0 0 1 8 . l S  . 6 1  
7 . 5 9 9 . 5 0 3 3 . 5 0 2 2 . 1 0  . 7 5 
8 . 2 2 1 2 . 0 0 3 2 . 0 0 . '2.. 7 . 3 0 1 • 1 5 
9 . 7 4 1 8 . 5 0 3 9 . 0 0 � G . � O 1 .  6 4 
1 0 . 5 9 1 9 . 0 0 3 5 . 5 0 3 4 . H O � .  ( )  · i  
1 3 . 6 9 2 2 . 5 0 3 4 . 0 0 3 9 . 8 0 5 . 3 0 
1 7 . 4 0 2 4 . 0 0 � 6 . 0 0 ·! 0 .  0 0  I 
) 
7 1 
Tab l e . 4 .  S am p l e  1 2 - 6 3 i n  C DC l 3  a t  6 0 ° C 
T i me ( ho u r ) P e a k  He i � h t  Ra t i o % l nX e i ( X e - X ) * l 0 2 
T r a n s  C i s  
. 0 0 .oo 1 5 0 . 0 0 . uo . o u 
· 1 .  0 0  8 . 0 0  1 4 8 . 5 0 5 . 3 5 . 2 9 
2 . 0 0 1 0 . 0 0 1 2 8 . 0 0 7 . 2 5 • 4 1 
3 . 7 2 1 5 . 0 0 1 1 7 . 0 0 1 1 . 3 5 . 7 5 
4 . 7 3 1 7 . 0 0 1 2 2 . 5 0 1 2 . 1 9  . 8 4 
5 . 7 8 2 1 . 0 0 1 1 � . 0 0 1 5 . 0 0 1 . � 0 
6 . 7 B 2 2 . 5 0 1 1 7 . 5 0 l ti . U 7 l . :l H 
7 . 8 2 2 2 . 5 0 1 0 6 . 0 0 1 7 . 5 1 1 . 6 8 
9 . 2 5 2 5 . 0 0 1 0 2 . 0 0 1 9 . 6 � � . -1 8 
2 2 . 4 7 2 8 . 0 0 1 0 Y . O O 2 0 . 4 4 :l . O O 
3 0 . 7 0 2 8 . 5 0 1 0 6 . 5 0 � 1 • 1 1 I 
3 3 . 5 7 3 0 . 0 0 1 1 0 . 0 0 � 1 . 4 3 I 
4 2 . 8 7 2 7 . 5 0 1 0 1 . 0 0  � 1 .  1 0  I 
4 4 . 4 1 2 7 . 5 0 1 0 0 . 0 0 2 1 . 5 7 I 
) 
Tab l e . 5 .  S a m p l e  1 2 - 6 3 i n  C DC l J  a t  7 0 ° C 
T i me ( hour ) P e a k  H e i �h t  R a t i o % l nX e / ( X e - X l * l 0 2  
T r an s  C i s  
. 0 0 1 0 . 0 0 8 8 . 5 0 1 0 . 1 5  . 5 8 
. 8 3  . 1 4 . 0 0 8 8 . 5 0 1 3 . 6 6 . 9 0 
1 . 6 0 1 7 . 0 0 8 7 . 5 0 1 6 . � 7 1 . 2 3 
2 . 2 7 1 8 . 5 0 8 0 . 0 0  1 8 . 7 8  1 .  7 0  
3 . 8 3  2 1 . 0 0 7 9 . 5 0 2 0 . 9 0 2 . 3 9 
4 .  3 7 2 1 . 5 0 7 8 . 0 0 2 1 . 6 1  2 . 8 1 
9 . 9 8 2 3 . 0 0 h O . O O 2 2 . 3 :3 :J • 5 -l 
1 1 . 8 8 2 5 . 0 0 8 2 . 0 0 2 ::J . 3 6  I 
1 2 . 9 3 2 4 . 0 0 7 9 . 0 0 . � 3 . � 0  I 
1 3 . 4 3 2 4 . 0 0 8 0 . 0 0 2 3 . 0 H 
Ta b l e . 6 .  S a m p l e  1 2 - 6 3  i n  C DC l J  a t  9 0 ° C 
T i m e ( H o u r ) P e a k . H e i .e: h t  li a t i o % l n.\ e / ( .\ e - X ) * l 0 2 
T r a n s  C i s  
. 0 0 1 6 . 5 0 7 8 . 5 0 1 7 . 3 1 1 . 1 9 
. 5 H 2 2 . 0 0 8 0 . 0 0 2 1 . 1 6  1 . 8 7  
1 . 5 8 2 4 . 0 0 8 0 . 0 0 2 3 . 4 4 2 . 7 7 
3 . 0 2 2 9 . 0 0 9 5 . 0 0 2 3 . 3 9 � .  7 ·1 
3 . 9 2 3 1 . 0 0 9 5 . 0 0 2 4 . 6 0 4 .  l J 
5 . 5 2 3 2 . 0 0 9 3 . ·s o  2 5 . 4 3 I 
6 . 0 3 3 0 . 0 0 9 :3 .  0 0  2 4 . 3 9 I 
) 
7 3  
Tab l e . 7 .  S am p l e  1 2 - 6 2 i n  C D C l3 a t  6 0 ° C 
T i me ( h o u r ) Peak H e i ,g; h t  R a t i o % l nX e / ( X e - X l * l 0 2  
T rans C i s  
. 0 0 1 0 . 0 0 1 0 0 . 5 0 9 . 9 5 . 7 6 
• 7 5 . 1 1 . 5 0 9 0 . 0 0 1 1 . 3 3 . 9 3 
1 . 7 5  . 1 4 . 5 0 1 0 8 . 0 0 1 1 . 8 4  1 . 0 0 
3 . 2 5 1 7 . 0 0 1 2 4 . 0 0 1 2 . 0 6 1 . 0 3 
3 . 8 2 1 8 . 0 0 1 2 8 . 0 0 1 2 . 3 3 1. 0 7  
4 . 7 7 1 8 . 0 0 · 1 2 5 . 0 0 1 2 . 5 9 1 . 1 1  
5 . 2 0 1 8 . 0 0 1 1 9 . 0 0 1 3  . 1 4  1 • 1 7 
1 6 . 0 8 2 5 . 0 0 1 1 1 . 5 0 1 8 . 3 2 3 . 7 7 
1 8 . 3 7 2 2 . 0 0 9 5 . 5 0 1 � . 7 2 6 . 4 4 
2 2 . 7 7 3 1 . 0 0 1 3 H . 5 0  1 H . 2 9 I 
2 4 . 3 3 3 5 . 0 0 1 5 1 . 0 0  1 � . 8 2 I 
2 7 . 1 5 3 6 . 0 0 1 5 6 . 0 0 1 8 . 7 5 I 
) 
Tab l e . 8 .  S amp l �  1 2 - 7 3  i n  C DC l l  a t  6 0 ° C 
T i me ( h o u r ) Peak H e i � h t  Ra t i o% l nX e / ( X e - X ) * 1 0 2 
T r a n s  C i s  
. 0 0 . oo 1 2 5 . 0 0 . 0 0 . 0 0 
. 2 0 1 0 . 0 0 1 2 7 . 0 0 7 . 3 0 . 3 8 
. 4 0 1 3 . 0 0 1 2 3 . 5 0 9 . 5 2 . 5 3 
. 6 0 1 6 . 0 0 1 2 2 . 5 0 1 1 . 5 5 . 6 9 
. s o 1 6 . 5 0 1 1 6 . 0 0 1 2 . 4 5 . 7 7 
1 . 3 0 2 0 . 5 0 · 1 1 2 . 5 0 1 5 . 4 1  1 .  0 9  
2 . 6 0 1 6 . 5 0 7 4 . 5 0 1 8 . 1 3  1 . 5 1  
3 . 5 0 2 3 . 5 0 9 2 . 0 0 � 0 . 3 5 2 . 0 8 
4 . 5 0 . 2 6 . 0 0 9 5 . 0 0 2 1 . 4 9 2 . 5 H 
5 . 1 0 2 4 . 0 0 8 0 . 0 0 2 2 . 2 2 3 .  1 1  
6 . 0 0 2 4 . 5 0 " 8 1 . 0 0 2 3 . 2 2 6 . 6 5 
7 . 7 0 2 3 . 0 0 7 4 . 5 0 2 3 . 5 9 I 
8 . 3 0 2 1 . 5 0 7 1 . 5 0 2 3 . 1 2 I 
) 
7 5  
T ab l e . 9 .  Samp l e  1 2 - 6 3  r e ac t s  w i t h C l C H 3 COOH 
T i me ( ho u r ) Peak H e i p; h t R a t i o% l nX e /  ( X e - X ) * 1 0 2 
T r a n s  C i s Ac i d  
. 0 0 9 . 0 0 6 7 . 5 0 . o o . 0 0 . 0 0 
. 5 0 9 . 0 0 7 1 . 5 0 9 � 0 0 1 1  . 1 8 . 1 7  
1 . 0 0 9 . 0 0 6 5 . 5 0 1 0 . 0 0 1 3 . 2 5 . 2 0 
1 . 4 2 9 . 0 0 6 1 . 0 0 1 3 . 5 0 1 8 . 1 2 . 2 8 
1 . 9 2  9 . 5 0 5 8 . 5 0 1 4 . 5 0 1 9 . 8 6 . 3 1  
2 . 4 2 9 . 5 0 5 4 . 0 0 1 5 . 0 0 2 1 . 7 4 . 3 5 
3 . 0 0 1 0 . 5 0 5 4 . 5 0 1 9 . 0 0 2 5 . 8 5 . 4 3 
4 . 3 8 1 0 . 5 0 4 8 . 5 0 2 5 . 0 0 3 4 . 0 1 . 6 1  
5 . 5 5 1 0  . -o o  4 2 . 5 0 2 7 . 0 0 3 9 . 2 � . 7 7 
6 . 3 3 8 . 5 0 3 5 . 0 0 2 7 . 5 0 4 3 . 5 5 . 9 0 
7 .  7 1  9 . 5 0  3 4 . 0 0 3 3 . 5 0 4 9 . 2 6 1 .  1 2  
8 .  1 4  9 . 5 0 3 2 . 5 0 3 3 . 5 0 5 0 . 7 6 1 • 1 8 
9 . 9 9 8 . 0 0 2 8 . 0 0 3 7 . 5 0 5 7 . 2 5 1 .  5 2 . 
1 0 . 5 8 8 . 0 0 2 7 . 5 0 3 9 . 5 0 5 9 . 0 0 1 . 6 4  
1 2 . 2 4 8 . 5 0 2 1 . 5 0 4 0 . 5 0 6 5 . 3 2  � .  2.2 
1 3 . 1 6  7 . 0 0 2 1 . 0 0 4 4 . 5 0 6 7 . 9 4 2 . 5 4 
1 4 . 3 2 7 . 0 0 1 8 . 5 0 4 3 . 5 0 7 0 . 1 6  :� . 1 6  
1 5 . 1 6  6 . 5 0 1 5 . 5 0 4 2 . 5 0 7 3 . 2 7 I 
) 
7 6  
T ab l e . 1 0 .  S amp l e  1 2 - 6 3 reac t s  w i t h B rC H 2 COOH 
T i me ( h o u r ) Peak H e i p; h t  Ra t i o% l n X e / ( X e - X ) * 1 0 2 
T ra n s  C i s  Ac i d  
. 0 0 5 . 0 0 '7 2 . 5 0  . o o . 0 0 . 0 0 
1 . 0 0 1 1 . 0 0 8 7 . 0 0 1 1 . 0 0 7 . 9 4 . 1 0  
2 . 0 0 1 1 , 5 0 8 2 . 0 0 1 2 . 0 0 1 2 . 7 0  . 1 6  
2 . 4 2 1 0 . 0 0 8 2 . 5 0 1 8 . 5 0 2 2 . 5 6 . 3 1 
6 . 9 0 1 2 . 5 0 · 6 3 . 5 0 2 8 . 0 0 3 2 . 1 8  . 4 8 
1 1 . 1 2 1 2 . 0 0 5 9 . 0 0 3 3 . 5 0 3 8 . 2 9 . 6 1 
1 2 . 9 5 1 5 . 0 0 5 4 . 0 0 3 5 . 5 0 3 � . 4 4 . 6 3 
1 4 . 1 5  1 4 . 5 0 5 4 . 5 0 4 1 . 0 0 4 :J . 8 5  . 7 4  
2 2 . 6 5 1 5. . 5 0 5 2 . 5 0 6 8 . 0 0 . 5 8 . 1 2  1 . 2 8 
2 3 . 8 0 1 9 . 5 0 4 9 . 0 0 7 1 . 5 0 0 1 . 1 1 1 . 3 0 
2 5 . 8 7 1 2 . 5 0 4 3 . 0 0 7 1 . 0 0 6 3 . 9 6 1 .  4 3 
2 7 . 5 5 1 2 . 5 0 4 0 . 0 0 7 2 . 5 0 6 6 . 2 1 1 . 5 5 
2 9 . 8 5 1 3 . 5 0 3 4 . 5 0 7 9 . 5 0 6 9 . 1 3 1 .  7 3 
3 0 . 9 2 1 3 . 5 0 3 5 . 5 0 8 2 . 0 0 7 1 . 0 0 1 .  � 7 
3 3 . 2 7 1 1 . 5 0 3 1 . 0 0 8 5 . 0 0 7 2 . 3 2 2 . .:} 1 
3 5 . 2 7 1 1 , 5 0 3 0 . 5 0 9 -! . 0 0 7 3 . 6 0 2 . 8 2 
3 8 . 3 4 1 2 . 0 0 2 9 . 0 0 9 9 . 5 0 7 8 . 9 f) 4 . 4 9 
4 7 . 5 5 8 . 0 0 2 6 . 5 0  1 0 0 . 5 0 8 3 . 0 6 I 
4 8 . 8 2 9 . 5 0 2 0 . 5 0 9 8 . 0 0 8 3 . 6 9 I 
4 9 . 8 4 7 . 5 0 1 � . 0 0 9 3 . 0 0 8 3 . 0 3 I 
5 0 . 9 5 9 . 5 0 1 9 . 0 0 9 7 . 5 0 8 3 . G 9 I 
� 
7 7  
T ab l e . 1 1 .  S amp l e 1 2 - 6 3  r e ac t s  w i t h C l 2 C H C OOH 
Ti me ( h o u r ) Peak He i � ht R a t i o% l nX e / ( X e - X ) * 1 0 2 
T ra n s  C i s  Ac i d  
. 1 7  9 . 5 0 7 8 . 0 0 1 0 . 5 0 1 1 . 8 6 . 1 5  
1 . 0 0 1 1 . 0 0 5 2 . 0 0 3 2 . 0 0 3 8 . 0 9 . 5 8 
1 . 6 7 1 0 . 5 0 3 5 . 0 0 4 9 . 5 0 5 8 . 5 8  1 .  1 3  
2 . 1 7 1 1 . 0 0 2 8 . 0 0 6 0 . 2 0 6 8 . 2 5  1 .  5 7  
2 . 6 7  1 0 . 0 0 1 � . 5 0 6 0 . 0 0 7 5 . 4 7 2 . 0 7 
3 . 6 7 9 . 0 0 1 9 . 0 0 6 4 . 0 0 7 7 .  1 1  2 . 2 3 
3 . 7 5 1 0 . 0 0 1 8 . 0 0  6 5 . 5 0 7 8 . 4 4 2 . 3 8 
6 . 0 8 9 . 0 0 1 2 . 0 0 6 3 . 0 0 8 4 . 0 0 3 . 5 8 
9 . 0 7 8 . 0 0 1 0 . 5 0 o 6 . s o. 8 6 . 3 4  6 . 7 6 
1 1 . 3 3 7 . 5 0 1 0 . 0 0 6 3 . 0 0 8 6 . 3 0 I 
7 8  
Tab l e . 1 2 .  S ampl e 1 2 - 6 3 r e a c t s  w i t h  C l 1 C COOH 
T i me ( h o u r ) Peak He i g h t  Ra t i o% l n X e / ( X e -X ) * l 0 2  
Trans C i s ac i d  
. 0 8 9 . 5 0 4 2 . 5 0 2 5 . 5 0 3 7 . 5 0 . 6 3 
. 6 2 1 2 . 0 0 2 0 . 0 0 5 2 . 5 0 7 2 . 4 1 2 . 36 
. 8 8 1 1 . 5 0 1 7 . 5 0 5 5 . 0 0 7 5 . 86 2 . 96 
1 . 0 6 1 0 . 5 0 1 7 . 0 0 5 4 . 5 0 7 6 . 2 2 3 . 0 5 
1 . 3 0 1 0 . 5 0 1 5 . 5 0 5 7 . 4 0 7 8 . 7 6 4 .  1 7  
1 . 7 2 1 0 . 0 0 1 6 . 0 0 5 7 . 4 0 7 8 . 2 3 3 . 8 1  
2 . 0 0 1 0 . 5 0  1 4 . 5 0 5 5 . 0 0 7 9 . 1 4 4 . 5 3 
2 . 3 5 1 0 . 0 0 1 4 . 0 0 5 5 . 5 0 7 9 . 86 6 . 3 5 
2 . 8 2 1 0  •. 0 0  1 4 . 5 0 5 5 . 0 0 7 9 . 1 4 I 
7 9  
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